Interactions among different neuronal circuits are essential for adaptable 31 coordinated behavior. Specifically, higher motor centers and central pattern generators 32 (CPGs) induce rhythmic leg movements that act in concert in the control of locomotion. 33
Introduction 50
A longstanding and fundamental question in neuroscience is that of how the brain 51 coordinates motor behaviors (Penfield and Boldrey, 1937; Schmidt and Lee, 2005; 52 Fritsch and Hitzig, 2009). Ample research across species and methodologies has revealed 53 a differentiation between three levels of motor control: central pattern generators neuronal oscillators that can produce rhythmic motor output in the absence of sensory or 55 descending inputs; see recent reviews in Marder and Bucher, 2007; Mulloney and 56 Smarandache, 2010; Marder, 2012; Rybak et al., 2015) ; sensory feedback; and higher 57 motor centers. In most cases, the CPGs determine rhythmic alternating activity of specific 58 antagonistic muscles. The CPGs by themselves, or often together with a few of the many 59 sensory feedback loops in intact animals, are sufficient for the generation of coordinated 60 motor patterns (e.g. Bal et al., 1988; Stevenson and Kutsch, 1987) . Higher motor centers, 61 on the other hand, have a wide-ranging influence, affecting various body parts 62 concurrently. They may select the appropriate behavior, initiate it, and orchestrate it. To 63 this end, higher motor centers form functional connections with CPGs and may modulate 64 different ones simultaneously. This report describes the interplay between leg CPGs and 65 subesophageal ganglion (SEG), which serves as a higher motor center for locomotion 66 (Gal and Libersat, 2006; Kaiser and Libersat, 2015; Tastekin et al., 2015) , of the desert 67 locust, Schistocerca gregaria (Forskål). 68 A comprehensive body of work describing the interactions between higher motor 69 centers and CPGs in the tadpole largely inspired our current work, which shares similar 70 aims with it. Each of the tadpole's spinal cord segments includes two CPGs that produce 71 an alternating rhythmic motor output, activating the myotomal muscles and thus inducing 72 stereotypic swimming movements (Kahn and Roberts, 1982a) . These segmental circuits 73 reciprocally inhibit each other, while maintaining a phase difference between the activity 74 of consecutive segments, thus producing the longitudinal directionality of the movement 75 (Kahn and Roberts, 1982a; . However, when the spinal cord is isolated from the 76 hindbrain, only short fictive swim bouts can be generated (Li et al., 2006) . Further 77 research into these findings revealed that in addition to the spinal network of CPGs, 78 another rhythm-generating center resides in the hindbrain, consisting of electrically 79 coupled descending interneurons (DINs), which are active before each cycle of the spinal 80 motor output, and drive the spinal CPGs (Li et al., 2006 (Li et al., , 2010 Soffe et al., 2009). 81 Similarly, studies in mice and lampreys have pointed to an instrumental role of the brain 82 stem in locomotion (McClellan and Grillner, 1984; Dubuc et al., 2008; Gordon and 83 Whelan, 2008; Hägglund et al., 2010) . 84
To date, the study of higher locomotion centers in insects has mostly focused on 85 their behavioral role in-vivo. Using lesions, genetic techniques, and electrophysiological 86 recordings, certain areas of the insect supraesophageal ganglion (brain), such as the 87 central complex and mushroom bodies, were shown to control advanced aspects of 88 walking: for example, speed change and turning (e.g. Strauss, 2002; Gal and Libersat, 89 2006; Poeck et al., 2008; Bender et al., 2010; Guo and Ritzmann, 2013) . The SEG, which 90 anatomically resides between the brain and the thoracic ganglia, was considered 91 responsible for more basic features of walking such as initiation, maintenance, and 92 forward-backward orientation (Huber, 1960; Kien and Altman, 1984; Bässler et al., 1985; 93 Kien, 1990a; Gal and Libersat, 2008; Bidaye et al., 2014) . In accordance, lesion-based 94 experiments have demonstrated that removal of the brain does not abolish spontaneous 95 walking, whereas the removal of the SEG eliminates it (Kien and Williams, 1983; Gal 96 and Libersat, 2006) . Our knowledge of the anatomical and moreover functional 97 connections between the SEG and leg CPGs is, however, still incomplete. 98
In accord with previous studies that found central connections between the locust 99 limbs (e.g. Berkowitz and Laurent, 1996) , we have recently offered a detailed description 100 of the functional connections among the inter-leg coxa-trochanteral CPGs in the locust 101 in-vitro (Knebel et al., 2017) . We showed that each of the three thoracic ganglia has its 102 own default, inherent, bilateral coupling of these CPGs: in-phase within the pro-and 103 mesothoracic ganglia, and anti-phase in the metathoracic ganglion. Furthermore, each 104 ganglion was found to be capable of imparting its coupling scheme onto the other 105 ganglia. Importantly, as in most walking systems (Büschges et al., 2011) , none of the 106 observed in-vitro inter-leg coordination schemes resembled a functional walking gait, and 107 specifically not the tripod gait common among insects, in which neighboring pairs of legs 108
show antiphase activity (Wilson, 1966; Grabowska et al., 2012) . The thoracic network of 109 oscillators must, therefore, feature inherent flexibility in order to establish a functional 110 walking gait. 111 6 three motor axons: the slow and fast trochanteral depressors and a common inhibitor ( Fig.  140 1; Ds, Df, and CI respectively). 141
Electrophysiology and neuroanatomy 142
To test the effect of SEG electrical stimulation on the thoracic motor output, trains 143 of short electrical pulses (200 ms of 250 Hz pulses of 0.5 ms each, 1 V) were delivered to 144 different areas of the SEG by carefully-fashioned insulated platinum-iridium electrodes, 145 with especially high resistance and small tip diameter (15 μ m), as described by Hussaini 146 and Menzel (2013). Thus, we limited the stimulated area as much as possible. All 147 electrical stimulations were generated by a Master 8 stimulator (A.M.P.I). 148
The activity of the motor nerves (N5a) of each thoracic ganglion was extracellularly 149 recorded by suction electrodes made of borosilicate glass capillaries (A-M systems) and 150 pulled with a P87 puller (Sutter Instruments). Unipolar hook electrodes were used to 151 monitor inter-segmental information transfer from the inter-ganglia connectives (SEG-152 pro, pro-meso, meso-meta). Data were acquired using two four-channel differential AC 153 amplifiers (Model 1700, A-M Systems). 154
For intracellular recordings, the SEG neurons were impaled with borosilicate glass 155 capillaries pulled with the P87 puller. The electrode tips were filled with 3 % Neurobiotin 156 (Vector Laboratories, Inc.) diluted in 3M potassium acetate and the shafts with 157 3M potassium acetate alone, leaving a small air bubble in between. These electrodes had 158 a resistance of approximately 60 MΩ. In order to penetrate the ganglion sheath, a few 159 crystals of protease (Sigma-Aldrich) were placed on the ganglion for 30 s. Intracellularly 160 recorded signals were amplified using a DC amplifier (Axoclamp-2B, Molecular 161 Devices). All recordings were digitized (Axon Digidata 1440A A-D board) and stored on 162 a computer using standard software (Axo-Scope software; Molecular Devices). Resting 163 membrane potentials for all intracellular recordings shown were below -65 mV. After 164 evaluating the responses to restricted drug application, the intracellularly recorded neuron 165 was labeled by iontophoretic injection of Neurobiotin using depolarizing current pulses 166 (2 nA; 100 ms; 5 Hz; 20-40 min). 167
Backfill staining was accomplished by cutting the desired nerve and bathing it in 168
Dextran-Rhodamine (Molecular probes) or Neurobiotin. After intracellular labeling or 169 backfill staining, preparations were placed for 24 h in a moisture chamber at 4°C to allow 170 the tracer to diffuse along the neurons. Thereafter, the nerve chord was fixed for 2-4 h in 171 3% paraformaldehyde. The ganglia sheaths were permeabilized with a 0.1% 172 collagenase/dispase (Sigma-Aldrich) solution for 30 min at 36°C before the Neurobiotin 173 labeling was visualized by streptavidin-Cy3 (Jackson ImmunoResearch Labs). Finally, 174 the ganglia chain was dehydrated in an ethanol series and cleared in methyl-salicylate 175 179
Pharmacological treatment 180
The muscarinic receptor agonist pilocarpine hydrochloride (Sigma-Aldrich, St 181
Louis, MO, USA) was dissolved in locust saline to a final concentration of 0.5 mM, 182 which typically elicits rhythmic motor activity in leg motor nerves (e.g. Ryckebusch and 183 Laurent, 1993) . After 5 min in normal saline, the pilocarpine solution was restrictively 184 bath-applied to the metathoracic ganglion, which was isolated from the rest of the ventral 185 nerve cord by surrounding it with a petroleum jelly (Vaseline) wall. All other thoracic 186 ganglia and the SEG were bathed in normal saline. The well was carefully leak proofed 187 by applying saline, first only to the surrounding of the well, then into the well only, and 188 checking for leaks from the well walls. 189
Data analysis 190
The pilocarpine-induced motor activity in the thoracic ganglia was measured in 31 191 experiments, initially with the SEG intact and subsequently again after disconnecting the 192 SEG. In each experiment between three to seven simultaneous recordings were conducted 193 from the leg depressor motor neuron (MN) pools, including the slow and fast trochanteral 194 depressors and common inhibitor ( Fig. 1 ; Ds, Df, and CI respectively). Spikes were 195 detected and identified based on their amplitude, and only activity of the excitatory MNs 196 was taken into account, without separating between the Ds and Df. Additionally, in some 197 of the experiments the activity of the inter-ganglia connectives and SEG interneurons was 198 also monitored. We routinely evaluated the activity in two subsequent 8 min windows: 199 the first, typically after 22 min post drug application, and the second immediately after 200 the neck connectives were cut. 201
To identify SEG DINs in the connective recordings, spikes were first identified 202 using a template recognition function (Dataview software, University of St. Andrews) in 203 one of the channels. Subsequently, we overlaid all identified spikes in 20 ms windows by 204 aligning their maximum point. We repeated this process for the parallel time windows in 205 the other connectives recordings, and averaged each of the overlays. This allowed us to 206 examine the typical activity before and after the identified spike in the more rostral and/or 207 caudal connective recordings. Based on a typical axonal conduction speed of 2 m/s 208 (Gray and Robertson, 1998) , and a distance of 3-5 mm between each pair of electrodes, 209 we expected DINs spikes to appear at a delay of about 1.5-2.5 ms between electrodes 210 monitoring adjacent ipsilateral connectives, from rostral to caudal. Spikes that were not 211 accompanied by such preceding or delayed activity in adjacent connectives were filtered 212 out. In one experiment, we used hook electrodes to record both neck connectives and to 213 identify simultaneous bilateral descending spikes. After verifying that the spike was 214 descending (as described above), we selected only simultaneous spikes in both 215
connectives. 216
To characterize the phases between the output of pairs of CPGs, we used cross-217 spectrum analysis in MATLAB (MathWorks Inc.), following a procedure developed by 218 Miller and Sigvardt, (1998 ; see also Sigvardt and Miller, 1998) . Only significantly 219 coherent frequencies of each pair of recordings were used to calculate each experiment 220 mean phase vector. The Watson-Williams F-test was used to test for differences in the 221 phase vectors. In order to combine both the uniformity and directionality of the phase 222 distributions, we used the synchronization index, ranging from -1, perfect anti phase, to 223 +1, perfect in phase. This was calculated by averaging all the experiments mean phase 224 vectors, and projecting the product on the 0-180 axis (see Knebel et al., 2017 for more 225 details on the cross-spectrum and synchronization index). 226
In order to compare the SEG neuronal output and the activity of thoracic MN pools, 227
we utilized cross-covariance analysis in MATLAB. We used a smoothed on-time vector 228 of the spikes of each of the simultaneous recordings. It should be noted that the resultant 229 covariance coefficient value was normalized in order to be able to compare between 230 different analyses. The coefficient is valid only relatively as it is highly dependent on the 231 prior smoothing process: the change of the coefficient over time represents the relative 232 likelihood of spikes to occur in different temporal circumstances, and can be compared 233 among the different examples presented that went through the exact same process. 234
We tested the statistical significance of the obtained covariance coefficients by 235 performing the exact same analysis on 1000 randomly chosen pairs of the motor output 236 recordings, in which each recording came from a different experiment (different locust). 237
Thereby, we could calculate a bootstrap which represented a confidence interval of 95%, 238 which defined the range of covariance coefficients that could be obtained by chance 239 (<95%). The extreme values of the bootstrap were 1.11 and -0.968. Thus, any result that 240 crosses these have less than a 5% chance of being a type 1 error, and therefore can be 241 considered statistically significant. All the results which are mentioned as meaningful 242 crossed this threshold, unless noted otherwise. 
The intact SEG fails to induce activity in the thoracic ganglia chain 280
Previous studies have shown that headless insects, lacking both the supra-and 281 subesophageal ganglion, do not engage in spontaneous walking, and upon tactile 282 stimulation walk only briefly. However, when the SEG was left intact, the insects tended 283 to walk spontaneously and often uninhibitedly, without any additional stimulation (e.g. 284 stick insect: Bässler, 1983 ; locust: Kien, 1983 ; cockroach: Gal and Libersat, 2006) . 285
Accordingly, several studies have also reported that without the SEG the leg CPGs are 286 inherently inactive in-vitro (Knebel et al., 2017 and references within). Therefore, we 287 first explored whether the intact SEG induces spontaneous fictive leg motor activity in 288 the in-vitro thoracic ganglia chain preparations. 289
In all experiments (N=40) the pro-and mesothoracic ganglia depressor MN pools 290 were silent, whereas the meta-thoracic slow depressor was tonically firing (examples: 291 Fig. 1D and E before the stimulus; see also Knebel et al., 2017; Rillich et al., 2013) . No 292 spontaneous motor bursts of action potentials were evident in any of the recordings. 293
Stimulation of the SEG labial neuromere is sufficient for generating leg CPGs 294 activity in-vitro 295
Extracellular electrical stimulation of the SEG was previously reported to evoke 296 bouts of walking in semi-intact locusts (Kien, 1990a) . Following this report, we sought to 297 explore the effect of electrical stimulation to the SEG in-vitro. A pair of fine electrode 298 was positioned into the SEG by way of a micromanipulator, and trains of short electrical 299 pulses were applied, while the thoracic motor output was recorded. Due to the easy 300 accessibility of the isolated preparation, we were able to direct the stimulating electrode 301 to any of the three SEG neuropiles (the mandibular, maxillar, and labial neuromeres, 302 from rostral to caudal). Furthermore, we were able to position the electrode in an area 303 very close to the SEG longitudinal midline, and together with the high resistance small 304 tip electrode used, the possible stimulation of the lateral tracts, in which most axons of 305 brain DINs run directly to the ventral nerve cord, was limited. 306 Short electrical stimulations were delivered to 2-3 of the SEG neuromeres in four 307 animals. Each trial consisted of 10 stimulations at intervals of 30 sec. In all experiments, 308 a motor response in at least one thoracic ganglion was recorded. However, stimulation of 309 the different neuromeres evoked different motor outputs: The mandibular and maxillar 310 stimulations resulted in short responses (example of a mandibular stimulation: Fig. 1D ; 311 overall medians: mandibular 1.4 sec and maxillar 4.1 sec), whereas the labial stimulation 312 elicited prolonged activity with an overall median of 22.9 sec. Moreover, stimulation of 313 the labial neuromere elicited rhythmic bursting activity of up to six bursts, in 2-4 of the 314 recorded thoracic leg CPGs (example: Fig. 1E ). 315
Rhythmic bursting activity in a sensory-deprived preparation is necessarily the 316 product of CPG activation. Our findings thus indicate that the labial neuromere of the 317 SEG is sufficient to activate the leg CPGs in all three thoracic ganglia. Interestingly, 318 during all the in-vitro labial neuromere stimulations we observed prothoracic bilateral 319 synchronized excitation, whereas coupling patterns among the other recorded nerves 320 were varied (example: Fig. 1E ). 321
The SEG has no effect on specific bursting properties of the leg CPGs 322
The muscarinic agonist pilocarpine is known to activate leg CPGs in isolated 323 nervous systems of arthropods (Chrachri and Clarac, 1987 interactions, we activated the thoracic CPGs by applying pilocarpine to the metathoracic 330 ganglion alone in an in-vitro preparation, and compared the motor output of the different 331 depressor MN pools both with the SEG intact and following its removal. Thus, while the 332 generation of rhythmicity arose from the caudal end of the ganglia chain, any SEG 333 modulatory influence had to be sent from the rostral end (pictogram: Fig. 2A ). 334
Following pilocarpine application, rhythmic motor patterns were obtained in all 335 thoracic ganglia within 2-5 min ( Fig. 2A) . Before analyzing the coordination pattern 336 among the bursts of the different hemiganglia, we examined whether the SEG influences 337 the general properties of each CPG activity. To this end, we compared the spike 338 frequency in each recording, before and after SEG removal, and found no significant 339 change ( Fig. 2B; N=31) . We further examined the influence of the SEG on the CPGs 340 recruitment to the pharmacologically activated metathorcic CPGs; as only the 341 metathoracic ganglion was directly exposed to pilocarpine, all other CPG activity resulted 342 from activation of its CPGs. Therefore, the frequencies of the metathoracic CPGs and the 343 other CPGs should resemble each other (i.e. share a common frequency). Using the cross-344 spectrum analysis, we tested whether the common frequencies differed with and without 345 the SEG (Fig. 2C) . We found no effect of the SEG removal on the most common 346 frequencies in the meta-prothoracic and meta-mesothoracic bursting activity (N=31), and 347 therefore concluded that the SEG does not affect the frequency-entrainment of the rostral 348 CPGs by the caudal metathoracic source of rhythmicity. Additionally, we found no SEG 349 effect on the shared frequencies between the two contralateral metathoracic CPGs. 350 Therefore, the SEG has no influence on the rhythmicity of the CPG network. 351
The SEG modulates phase parameters among the CPGs 352
As noted, we have recently reported that in in-vitro preparation, when pilocarpine 353 was applied onto the metathoracic ganglion only, all the ganglia bilateral CPGs oscillate 354 in antiphase while the ipsilateral CPGs are synchronized (Knebel et al., 2017) . Here we 355 further explored whether the SEG is able to affect this coordination pattern. To this end, 356
we used the synchronization index to determine the synchrony level between each couple 357 of oscillators in our experiments (see Methods for details). 358
In line with our previous results, when the metathoracic ganglion was directly 359 activated with pilocarpine and the SEG was intact, all ipsilateral CPGs fired bursts of 360 action potentials in-phase. However, unlike in our previous report, in the presence of the 361 SEG the bilateral CPG also oscillated and fired in-phase (Fig. 3C) . After removing the 362 SEG, while the ipsilateral CPGs oscillations remained synchronized, the activity of the 363 contralateral CPGs shifted towards anti-phase ( Fig. 3D ), similar to that recorded in our 364 previous report (where the SEG was removed at the dissection stage; Fig. 3E ). Most 365 prominent was the change in the prothoracic ganglion CPGs, whose synchronization 366 index significantly dropped from 0.61 to -0.24 following SEG removal. 367
Taken together, the SEG synchronizes the activity of the two lateral sides of the 368 CPG network, without affecting the capacity for frequency entrainment and the burst 369
properties of the CPG network. 370
Candidate SEG interneurons participate in the bilateral synchronization 371
To explore the underlying neuronal circuitry behind the bilateral synchronizing 372 effect of the SEG, we simultaneously recorded the CPG motor outputs and the inter-373 ganglia connectives. Based on multiple connective recordings (example: Fig. 2A ) and 374 subsequent spike sorting, we were able to extract the activities of single SEG DINs. 375 Figure 4A -D presents an example of such SEG DIN activity. The cross-covariance 376 analysis shows that this DIN activity was correlated with the firing of the two bilateral 377 MN pools in the prothoracic ganglion: that ipsilateral to the connectives recorded, and 378 that contralateral to them (Fig. 4B) . The correlation of the DIN with the latter showed a 379 slight but consistent delay. This difference is visualized in the merged cross-covariance 380 shown in Fig. 4D , where the blue spot, representing a higher correlation between the ipsi-381 and contralateral prothoracic MN pools in relation to the DIN firings, is smeared towards 382 the positive values of the contralateral prothoracic axis. Since the cross-covariance 383 between the DIN and the metathoracic CPG did not reveal a temporal relationship 384 between their activities (Fig. 4B , green line), this DIN activity is correlated to the activity 385 of specific CPGs. 386
By means of intracellular recordings we obtained further insights into the activity 387 of SEG interneurons during the metathoracic pilocarpine-induced rhythm. Figure 4E  388 presents an example of a SEG DIN recording. This cell's activity resembled that of the 389 DIN described above, as can be seen in the cross-covariance analysis: correlated activity 390 with both pro-thoracic MN pools, with a slight difference in the shape of the correlation 391 over time, and only weaker correlation with the metathoracic MNs (Fig. 4F ). The 392 recording exhibits rather small action potentials and robust changes in the membrane 393 potential, indicating soma rather than axonal recordings. Hence, to correlate this DIN 394 activity with the prothoracic motor output, we used the values of the membrane potential 395 (and not only the spike on-times). 396
The two examples presented above demonstrate correlations between the output of 397 both of the prothoracic hemiganglia and an SEG DIN. However, in both cases, the left 398 and right CPGs were rather synchronized even irrespective of the DIN activity ( Fig. 4C  399 and G), and it is impossible to distinguish whether the DINs' activity was connected to 400 one or both the prothoracic CPGs. Therefore, we further analyzed the findings from other 401 experiments, in which the CPG-GPG correlation was lower. Figure 4I presents an 402 example of an intracellular recording of an SEG interneuron in a preparation, in which 403 the prothoracic bilateral synchronization was relatively small (Fig. 4K ). Nonetheless, 404 each of the prothoracic CPGs showed correlation with the SEG interneuron ( Fig. 4J) . 405
Moreover, the merged cross-covariance visualizes the small time window, in which the 406 SEG interneuron was correlated with both prothoracic CPGs (Fig. 4L) , in contrast to the 407 overall low bilateral correlation. These findings suggest that this SEG neuron interacts 408 with both prothoracic MN pools. 409
SEG descending dorsal unpaired median (DUM) neurons interact with the 410

CPG network 411
The coupling between independent CPGs can be modulated by neuromodulators 412 such as the biogenic amine octopamine (e.g. Rand Due to their unique bilateral descending neurites (Kien et al., 1990; Bräunig, 1991; 417 Cholewa and Pflüger, 2009), we were able to identify the DUM neurons' activity by 418 recording from both neck connectives, and from the pro-meso connective simultaneously 419 (see Methods for details; Fig. 5A ; the different spike amplitudes seen in the left and right 420 connectives in this example is probably a result of different positions of the hook 421 electrode on the two connectives;). Repeating the cross-covariance analysis for this DUM 422 neuron and the two prothoracic CPGs indeed revealed a relatively strong correlation 423 among the activity of all three ( Fig. 5B and D) . In this example, again, the correlation of 424 each of the prothoracic CPGs with the DUM neuron exceeded the correlation between 425 both CPGs (Fig. 5C ). 426
Additionally, we intracellularly recorded from a SEG DUM neuron as confirmed by 427 its labeling and action potentials ( Fig. 6A) : the neuron had a large soma of about 45 µm 428 in diameter, was located medially on the dorsal posterior side of the SEG, and had a 429 symmetrical arborization pattern in the SEG, similar to those described by Bräunig 430 (1991; see laso Kien et al., 1990 and Bräunig and Burrows, 2004) . Furthermore, its action 431 potentials were long lasting (~3.5 ms; Fig. 6B ), and its soma was excitable (Fig. 6F) , as 432 typical for DUM neurons (soma spikes: Heidel and Pflüger, 2006) . Similar to the DUM 433 neuron identified by recording the connectives spikes (Fig. 5) , this neuron's action 434 potentials showed a tendency to be synchronized with the output of both prothoracic 435 CPGs (The correlation was statistically significant only with the left nerve recording), 436 while the activity of the CPGs themselves was not correlated (Fig. 6C and D) . 437
In order to uncover the postsynaptic potentials (PSPs) that this neuron receives, we 438 hyperpolarized it for several minutes and thus minimized the action potentials generated. 439
We found that the DUM neuron received accurate and consistent information about co-440 activation of the two prothoracic CPGs (example: Fig. 6G; analysis: Fig. 6H ). Since the 441 DUM neuron EPSPs indicate synchrony between the bilateral CPGs, they might offer a 442 mean of coincidence detection. Interestingly, during the period of hyperpolarization, the 443 synchronization among the prothoracic CPGs noticeably increased (Fig. 6I) . 444
Depolarization, on the other hand, did not evoke any immediate response (Fig. 6F) . 445 446 Discussion 447
In this study we have demonstrated two major aspects of functional interactions 448 between the higher locomotion centers of the SEG and the leg CPGs in the locust: (1) the 449 ability of the SEG to induce CPG activity, and (2) the role of the SEG in coordinating the 450 coupling among the leg CPGs. These interactions are mediated by the SEG DINs, 451 connecting the SEG with the thorax. 452
The use of in-vitro preparations 453
All the experiments presented here were conducted in-vitro. As previously 454 explained in Knebel et al. (2017) , and as a common working hypothesis in CPG research 455 (e.g. Ayali and Lange, 2010 for review), it is advantageous to study the central interplay 456 of CPGs in the complete absence of sensory inputs. This reductionist approach is 457 consistent with the very definition of CPGs as a neuronal oscillator capable of performing 458 its tasks with no sensory regulation (Marder and Bucher, 2001) . However, there are also 459 some clear limitations to this approach: namely, that conclusions, valid at the level of the 460 neuronal network and nervous system, may not be directly reflected in the actual 461 behavior, which is further shaped by additional sources, such as sensory inputs and the 462 animal's internal state, in the intact animal. Nonetheless, it is important to note that since 463 the central connections and interactions we studied here in-vitro are those underlying the 464 execution of the motor behavior, the insights gained in-vitro are instrumental for the 465 generation of hypotheses and predictions regarding in-vivo insect locomotion. 466
The SEG's ability to initiate different activity patterns in leg CPGs 467
By means of electrical stimulation of SEG neurons we were able to activate each of 468 the leg coxa-trochanteral CPGs. This finding, obtained in the isolated in-vitro 469 preparation, indicates the sufficiency of the central connections between the SEG and the 470 thoracic ganglia in activating the leg CPGs. Moreover, of the three SEG neuromeres, 471
overall containing approximately 300 SEG DINs (Fig. 1A ; see also Kien et al., 1990) , we 472 identified the labial neuromere as the most potent SEG area for CPG activation. Labial 473 neuromere excitation induced prolonged bursting rhythms, similar to those obtained by 474 activating the leg CPGs pharmacologically (compare examples in Fig. 1E and Fig. 2A ; 475 see also Knebel et al., 2017) . These results are in accord with those reported by Kien 476 (1983) , as well as with our own preliminary experiments (not described herein), showing 477 that stimulating the SEG in a semi-intact preparation results in leg movements (suppl. 478 videos 1&2). Altogether, these findings suggest that the SEG is capable of inducing leg 479
CPGs activity, and thus initiating stepping behavior. Moreover, they also suggest that by 480 providing rhythmical excitatory and inhibitory signals to the leg CPGs, the SEG can 481 maintain ongoing legged activity, as was previously suggested by Kien and Altman 482 (1992) . However, we also observed that intact connections to the unstimulated SEG were 483 not sufficient by themselves to initiate spontaneous leg motor activity. It therefore seems 484 that rather than constituting an autonomous "motivation center", the SEG functions as a 485 relay station or a mediator, and depends on central inputs from the brain, from other 486
CPGs, or on sensory information, in order to drive leg CPGs, (see also Kien and Altman, 487 1984) . Moreover, the motor output induced by the SEG in-vitro, was monitored in all the 488 leg CPGs but did not resemble any functional walking gait. This indicates that there is no 489 complete "coordination program" or "walking motor program" conveyed by the SEG to 490 the CPG network. Nonetheless, throughout our experiments, a stereotypic bilateral 491 synchronization pattern of the leg CPGs was induced, suggesting that the SEG can 492 modulate the overall coordination of the locomotion network. 493
We have tried to limit the likelihood of stimulating severed axons, which originally 494 traveled from the brain to the SEG or thoracic ganglia, as explained in the methods and 495 results sections. However, as with any extracellular stimulation, we cannot rule out the 496 possibility that undesired neurites were stimulated. Yet, our finding that the stimulation 497 of different neuromeres resulted in differentiated activation of the legs MN pools, and 498 that the coordination pattern established resembled that induced by the unstimulated 499 SEG, indicates that at least to the degree of affecting the leg motor output, stimulation of 500 brain DINs did not occur. 501
The SEG bilateral synchronizing influence 502
We characterized the role of the SEG in modulating the output of the leg CPGs 503 network using an in-vitro preparation that included the thoracic ganglia and the SEG. 504
Based on our previous study (Knebel et al., 2017) , we chose a specific paradigm of 505 restrictive pilocarpine application to the metathoracic ganglion. This allowed us to 506 investigate the output of the more rostral pro-and mesothoracic ganglia, their 507 interconnections, and their connection with the SEG, in the absence of any direct effects 508 of pilocarpine. 509
We found that the SEG does not alter the firing properties of any individual CPG, 510 nor their mutual bursting frequencies ( Fig. 2B and C, respectively) but, rather, selectively 511 affects the phase relations of the bilateral CPG couples, most consistently those of the 512 prothoracic ganglion (Fig. 3) . It is possible that the SEG can strengthen the inherent 513 synchronized bilateral coupling of the prothoracic CPGs (Knebel et al., 2017) , and the 514 prothoracic ganglion, in turn, induces this coupling pattern upon its neighbors through the 515 synchronizing ipsilateral connections. However, from the neuronal network perspective, 516 since the ability of all the ganglia to induce activity in the CPGs of other ganglia and 517 influence their phase is equal (Knebel et al., 2017) , it is more plausible that the SEG 518 modulates all bilateral inter-CPG connections, and that of the prothoracic ganglion is 519 simply the most responsive. Moreover, the SEG had no noticeable effect on coupling 520 among the ipsilateral CPGs, whose activities are synchronized independently of it. It 521 should be noted that these findings were obtained without the animal's brain, and future 522 studies will investigate its role in the CPGs coordination. 523
Supporting the findings described above, we found various examples of SEG cells 524 ( Fig. 4-6 ) whose activities increased in phase with the synchronized output of the left and 525 right prothoracic CPGs. In some of these examples, the correlations of the left and right 526 depressors with the SEG neurons were stronger than their mutual correlation ( Fig. 4I-L , 527 5-6), suggesting that SEG neurons play an active role in bilateral synchronization. 528
However, due to the unexcitable properties of the soma membrane of those interneurons, 529
we were unable to elicit action potentials in most of our intracellular experiments, and 530 thus could not reach any causative conclusions regarding their role in the network. 531
It should be noted that due to our experimental procedure of restrictive 532 pilocarpine application, all correlated activity of SEG interneurons with the leg CPGs 533 must be the result of ascending information reaching the SEG and mirroring the CPG 534 activity. Such information can be referred to as "efference copy" (Jeannerod and Arbib, 535 2003) , and is independent of sensory information (which was unavailable in our 536 experiments). 537
The octopaminergic system interplay with the coordination of leg CPGs 538
A potential candidate for the modulation of CPG-CPG interplay in insects is the 539 octopaminergic system (e.g. Rand et al., 2012; Rillich et al., 2013) and its prominent 540 members, the DUM neurons (for review: Libersat and Pflueger, 2004) . Indeed, we found 541 that the activity of a descending SEG DUM neurons was correlated with the bilaterally 542 synchronized activity of the contralateral prothoracic CPGs (Fig. 5-6 ). This suggests 543 involvement of the octopaminergic system in the inter-CPG coordination, as all DUM 544 neurons in the SEG are octopaminergic (Bräunig, 1991; Stevenson and Sporhase-545 Eichmann, 1995) . Furthermore, we found that EPSPs recorded from a DUM neuron 546 reliably reflected the co-activation of the front leg depressors. Therefore, an ascending 547 neuron, or neurons, form synapses on the DUM neuron, eliciting changes in its 548 membrane potential correlated with the thoracic CPGs activity. This further confirms our 549 claim that a central efference copy of leg activity is delivered to the SEG. 550 Surprisingly, we found that upon silencing this DUM neuron, the prothoracic 551 bilateral synchronization increased. Taken together with the rest of our findings, this 552 result suggests that different neuronal elements in the SEG coordinate leg activity in a 553 complex, and not necessarily consistent, manner. 554
The synergy of leg CPGs, higher motor centers, and sensory information in 555 walking 556
Walking behavior is dependent on the synergies of CPGs activities, sensory inputs, 557 and higher motor center regulation. Our results indicate the SEG as a potential integration 558 center: receiving descending inputs from the brain, as the anatomy of its neurons and 559 those of the brain suggests (Roth et al., 1994) , and ascending information from both leg 560 sensory organs (Kien and Altman, 1984) and the CPGs themselves, as presented here. 561
Since we did not observe in any of our in-vitro experiments fictive walking, 562 namely, a motor output that resembled a functional walking gait, we have to conclude 563 that, in the locust, functional inter-leg coordination during walking is only accomplished 564 by way of complementary sensory inputs or descending commands from the brain. This 565 was also reported for many other walking systems (Büschges et al., 2011) and vast 566 evidence suggests that sensory inputs plays a major role in walking coordination (e.g. 567 Borgmann et al., 2007 Borgmann et al., , 2009 Daun-Gruhn, 2011; Fuchs et al., 2012) . 568
We did, however, find that the SEG affects the overall leg CPG coordination. 569 Büschges et al. (1995;  based on v. Holst, 1936) suggested that synchronized activity of 570 locomotive oscillators is the energetically cheapest way to couple them while ensuring 571 their joint frequency. As we have previously shown, the bilateral coupling among the 572 CPGs in the thoracic ganglia is flexible and rather weak compared to the ipsilateral 573 coupling (Knebel et al., 2017) . It is therefore plausible that the level of bilateral 574 synchronization mediated by the SEG is sufficient to drive the two ipsilateral trios of 575
CPGs to oscillate at similar frequencies, as required for walking straight for example. 576
Previous studies have already suggested that the SEG is a bilateral mediator (Kien and 577 Altman, 1984; Kien et al., 1990; Bräunig and Burrows, 2004) , but this was posited 578 mostly due to the anatomy of the majority of the DIN branches, which are contralateral to 579 their soma (Gal and Libersat, 2006) . In light of this known DINs anatomy, and our 580 physiological findings, it is plausible that a decussation of information and commands 581 occurs in the SEG: ascending information about the CPGs activity and leg sensory inputs 582 is received ipsilaterally, while the DINs deliver commands downstream via the 583 contralateral descending axons, thus regulating the bilateral CPGs connections. 584
A comparison to vertebrate systems 585
A comparison of the anatomy and function of the SEG and the vertebrate brainstem 586 suggests some parallels, as previously suggested by Schoofs et al. (2014) . In the 587 hindbrain-lesioned tadpole, for example, only short fictive swimming episodes could be 588 elicited in response to tactile stimulus (Li et al., 2006) , similar to the short sequences of 589 walking that SEG-less insects perform (Gal and Libersat, 2006) . Furthermore, 590 subpopulations of brainstem neurons mapped functionally and anatomically were shown 591 to be involved in locomotion initiation and halt (Shik et al., 1969 Furthermore, it is within the medulla oblongata that the pyramidal tracts (which include 608 the motor corticospinal fibers), intersect to deliver information to the contralateral lower 609 motor neurons. Moreover, similar to the brainstem, out of which the cranial nerves 610 emerge, the SEG control the insect's mouthparts. 611
Conclusion 612
The SEG plays a regulative role in control of the arthropod legs. It has the ability to 613 induce movement in all legs in different coordination patterns by activating their CPGs, 614 and it mediates their bilateral activity by adjusting the CPG coupling. Our findings have 615 revealed ways by which the SEG higher motor center serves as a higher motor center of 616 legged activity, as has been suggested in previous studies (Kien, 1983; Gal and Libersat, 617 2006; Bidaye et al., 2014) . Overall, we show that the SEG interacts with the leg CPGs to 618 organize their joint activity; and, being situated in-between the brain and thorax, it 619 bridges between the brain centers, sensory inputs, and the motor circuits of the legs. 620
Interestingly, a comparison between the SEG and the vertebrate brain stem suggests some 621 parallels. 622
As noted above, findings based on in-vitro preparations are sometimes difficult to 623 interpret, especially when they do not completely correspond to the real behavior. 624
However, our findings did reveal functional connections between the leg CPGs and the 625 SEG. Hence, the importance of the results, for understanding walking behavior, is clear. 626
In light of the current findings and those of our previous study (Knebel et al., 2017) , it is 627 now known that the locust CPGs, with and without the SEG inputs, are not naturally 628 coupled to produce any walking-like coordination. This is a consequence of the highly 629 modulated system that has to adjust to the heterogeneous environment in which walking 630 occurs, and therefore must avoid predetermined deterministic movements. Future work 631 should explore the effects and the roles of other mechanisms modulating the CPG 632 network, such as further higher motor centers and sensory inputs, and assess their 633 contribution to walking. 634 (pro-, meso-, metathoracic hemigagnlia -T1, T2 and T3, respectively), with and without 941 the SEG. No significant difference was found. (C) The most common frequency of the 942 pro-and mesothoracic hemiganglia and the ipsilateral source of activation -the 943 ipsilateral hemiganglia (T1 and T2, respectively), before and after SEG removal. Again, 944 no significant difference was found. 945 
SEG electrical stimulation elicits leg motor outputs. (A)
